ABSTRACT: A series of cadmium thiolate compounds that feature a sulfur-rich coordination environment, namely [Tm 
t , C 6 H 4 -4-OMe, and C 6 H 4 -3-OMe). In addition, the pyridine-2-thiolate and pyridine-2-selenolate derivatives, [Tm 
■ INTRODUCTION
Thiolate ligands are prevalent in the coordination chemistry of both transition and main group metals, 1 having found important applications in the fields of bioinorganic chemistry 2 and nanoscience. 3 For example, many enzymes feature metal coordination by the thiolate groups of cysteine residues, 4 as illustrated by a large variety of zinc enzymes, such as liver alcohol dehydrogenase, 5-aminolevulinate dehydratase, the Ada DNA repair protein, and zinc finger proteins.
5−7 Indeed, the first cadmium enzyme discovered likewise exhibits coordination by cysteine thiolate groups, 8 but it should be noted that such coordination is additionally associated with both (i) a mechanism of cadmium toxicity and (ii) the ability of metallothionein to protect against cadmium toxicity.
9−12 With respect to applications in nanoscience, cadmium−thiolate coordination has also been used as a means to cap cadmium chalcogenide nanoparticles. 3a,b,13 Therefore, in view of the current relevance of cadmium−thiolate interactions, we report here an investigation of thiolate exchange at cadmium in a sulfur-rich coordination environment.
■ RESULTS AND DISCUSSION
The tris(2-mercaptoimidazolyl)hydroborato ligand system, [Tm R ] (Figure 1 ), 14−18 has been shown to be effective for providing an L 2 X 19 [S 3 ] donor array for a variety of metal centers. For example, this class of ligands has been utilized for investigating zinc enzymes that have sulfur-rich active sites. 16,20−23 Cadmium 24−29 and mercury 28c,29a,30,31 counterparts have also been synthesized, with the latter providing a molecular model for mercury detoxification by organomercurial lyase (MerB). from the idealized value of 1.00 for a tetrahedral geometry (Table 3) . Specifically, the distortion is such that the structures approach a trigonal monopyramidal geometry (0.85) in which the thiolate ligand adopts an equatorial position. In this regard, the sum of the three bond angles (Σ S−Cd−S ) that approximate the equatorial plane [333.7−347.2° (Table 3) ] is greater than the idealized tetrahedral value (328.5°).
With respect to the coordination of the thiolate ligands, the Cd−SAr bond lengths are ∼0.1 Å shorter than the average Cd−S bond lengths associated with the [Tm (Table 1) , which is in accord with the latter involving a dative covalent component to the bonding interaction. 34 The Cd−S−Ar bond angles exhibit little variation [103.77(9)−106.39 (11)°] and are comparable to the mean value of 106.5°for structurally characterized cadmium arylthiolate compounds listed in the Cambridge Structural Database (CSD). 35 Despite the similar Cd−SAr bond lengths and Cd−S−Ar bond angles, however, the Cd−S−C ipso −C ortho torsion angles ( Figure 6 ) vary significantly (Table 2) (10) 2.5597(6) 2.5576 (7) 2.5537(5) 2.5621(8) Cd−S (2) 2.5537(6) 2.5622 (10) 2.5648(6) 2.5672(7) 2.5579(5) 2.5560(7) Cd−S (3) 2.5641(6) 2.5643 (10) 2.5601 (7) 2.5681(7) 2.5596(5) 2.5475(7) Cd−S (4) 2.4595 (7) 2.4648 (10) By comparison to pyridine-2-thiolate compounds, their selenium counterparts have received comparatively little attention, 49−51 and there are only two structurally characterized cadmium pyridine-2-selenolate derivatives listed in the CSD, namely, Cd(SePy) 2 (tmeda) 51b and Cd(SePy) 2 , 51a of which the latter is polymeric. In this regard, we have extended this investigation to the synthesis of the selenium counterpart, [Tm (6) and 2.5594(6) Å], such that the structure approaches trigonal monopyramidal (τ 4 = 0.75). Furthermore, the sum of the three bond angles (Σ S−Cd−E ) that approximate the equatorial plane is 353.6°. Thus, even though the Cd···N distance is long, the presence of the nitrogen has an impact on the cadmium coordination geometry in a manner similar to that observed for [Tm 1 H and 19 F nuclear magnetic resonance (NMR) spectroscopy. The derived equilibrium constants are summarized in Table 5 , which illustrates that coordination of thiolate is favored for the more electron-withdrawing fluoride substituent. This observation is in accord with our previous studies concerned with coordination of alkoxide to zinc, which shows that such coordination is also favored for electronwithdrawing substituents. 54 The thermodynamics of the cadmium thiolate exchange reactions are dictated by the differential effect of the substituent on the Cd−SAr and H−SAr bond energies. On the basis of the aforementioned zinc alkoxide study, 54 the observed thermodynamic trend can be rationalized by electron-withdrawing substituents increasing the Cd−SAr bond dissociation energies to a greater degree than the H−SAr bond dissociation energies. 55, 56 Alternatively, in terms of arguments based on heterolytic bond dissociation energies, electronwithdrawing substituents weaken Cd−SAr bonds to a smaller degree than they do for H−SAr bonds. Figure 10 ). 61 Specifically, exchange is indicated by the observation of an off-diagonal cross peak between the 19 F NMR spectroscopic signals for [Tm ■ EXPERIMENTAL SECTION General Considerations. All manipulations were performed by using a combination of glovebox, high-vacuum, and Schlenk techniques under a nitrogen or argon atmosphere. 62 Solvents were purified and degassed by standard procedures. NMR spectra were recorded on Bruker 300 DRX, Bruker 300 DPX, Bruker 400 Avance III, Bruker 400 Cyber-enabled Avance III, and Bruker 500 DMX spectrometers. 1 H NMR spectra are reported in parts per million relative to SiMe 4 (δ 0) and were referenced internally with respect to the protio solvent impurity (δ 7.16 for C 6 D 5 H and δ 5.32 for CHDCl 2 ). 63 
13
C NMR spectra are reported in parts per million relative to SiMe 4 (δ 0) and were referenced internally with respect to the solvent (δ 128.06 for C 6 D 6 and δ 53.84 for CD 2 Cl 2 ). 63 19 F NMR spectra are reported in parts per million relative to CFCl 3 (δ 0) and were referenced internally with respect to C 6 F 6 (δ −164.9). 64 Coupling constants are given in hertz. Infrared (IR) spectra were recorded on a PerkinElmer Spectrum Two spectrometer, and the data are reported in reciprocal centimeters. Mass spectra were recorded on a JEOL JMS-HX110HF tandem mass spectrometer using fast atom bombardment (FAB). 4-Fluorothiophenol (Aldrich), 4-tertbutylbenzenethiol (Acros), 4-methoxythiophenol (Aldrich), 3-methoxythiophenol (Aldrich), and pyridine-2-thione (Aldrich) were obtained commercially and used without further purification. [Tm 24,27 and pyridine-2-selone 65 were prepared by literature procedures. X-ray Structure Determinations. X-ray diffraction data were collected on a Bruker Apex II diffractometer, and crystal data, data collection, and refinement parameters are summarized in the Supporting Information. The structures were determined by using direct methods and standard difference map techniques and refined by full-matrix leastsquares procedures on F 2 with SHELXTL (version 2014/7). 
